ABSTRACT Two groups of Anopheles claviger sensu stricto Meigen (Diptera: Culicidae) were recently found in France, representing unclear genetic entities. To better understand this situation, sampling was extended to 13 European countries, and 47 samples were analyzed by investigating the polymorphism of 11 autosomal and 1 sex-linked allozyme loci. Genetic differentiation, as measured by F st , between these two groups was conÞrmed, with no isolation by distance within each group. Among the twelve loci studied, none had diagnostic alleles. Group I is mainly located in western Europe (UK and south-west of France), and Group II covers eastern France and eastern and northern Europe. Intermediate populations, sampled at the overlapping range between them, do not display a heterozygote deÞcit, suggesting that these two groups are probably not genetically isolated. The origin of each group and its biological signiÞcance is discussed within the context of differentiation in refugia during recent glaciations.
WITHIN THE CLAVIGER COMPLEX (Diptera: Culicidae), two morphological forms, designated Anopheles claviger (Meigen 1804) sensu stricto and Anopheles petragnani Del Vecchio, 1939, are classically recognized. These two forms are reproductively isolated (Coluzzi 1962) , and can be distinguished morphologically by some characters of the immature stages (Coluzzi et al. 1965 ) and genetically at some enzymatic loci (Cianchi et al. 1980 , Cianchi et al. 1981 . This species complex is distributed abundantly in Europe, from the Atlantic coast to China and Central Siberia (93Њ East), and from Scandinavia (60Њ North) to North Africa (31Њ North) (Schaffner et al. 2001) . The former medical importance of An. claviger s.l. as a vector of human malaria, especially around the eastern Mediterranean (Russell et al. 1963) , has been superseded by its possible role in transmission of Bunyaviridae arboviruses (Pchelkina and Seledtsov 1978, Traavik et al. 1985) , myxomatosis (Service 1971) and other pathogens such as Anaplasma marginale (Artemenko and Ponomarenko 1974) , Francisella tularensis (Gutsevich et al. 1974) , Dirofilaria immitis (Grassi & Noé in Sé guy 1924) , and Setaria labiatopapillosa (Cancrini et al. 1997) .
Recently, two genetically differentiated groups of An. claviger s.s. were found in western and eastern France, respectively (Schaffner et al. 2000) . These two groups seem to have a contact zone around the Rhone valley in eastern France, although the signiÞcance of these taxa is unclear, as no diagnostic locus was identiÞed. It has been proposed that these taxa represent isolates from distinct refugia during the last glaciation that have expanded during the last warm phase, and come in contact recently (Schaffner et al. 2000) .
The current study was undertaken to investigate the genetic variability and population structure of An. claviger s.s. on a broader scale (across Europe), in an attempt to interpret the signiÞcance of the two genetically differentiated groups. Sampling was also focused on the putative hybrid zone in eastern France, to better characterize the two genetic entities.
Materials and Methods
Mosquitoes. Larvae and pupae of An. claviger s.s. were collected during 1996 Ð2000 from a total of 47 localities (Table 1) , representing Austria (2), Belgium (1), Czech Republic (1), Denmark (1), France (32), Germany (2), Italy (2), Netherlands (1), Romania (1), Slovenia (1), Sweden (1), Switzerland (1), and the United Kingdom (1). After rearing to adulthood, the exuviae, head, wings, legs, and male genitalia were mounted on slides in Canada balsam for morphological examination. The morphological data will be presented elsewhere. From freshly killed sexed adults, the thorax and abdomen were stored in liquid nitrogen for allozyme analyses. The eighteen An. claviger s.s. samples previously published (Schaffner et al. 2000) were added to the present dataset for an overall analysis. For some populations presented in this previous study (IÐC, IÐE, IÐF, IÐH, IÐJ, IIÐF, IIÐM, IIÐQ, IIÐR, IIÐI) , additional individuals were analyzed to increase the sample size.
Electrophoresis. Electrophoretic polymorphisms of the following nine enzymes were studied by starch gel electrophoresis (TM 7.4 buffer system) on adult mos-quito homogenates (Pasteur et al. 1988 dard. For each enzyme, the predominant electromorph band (putatively the commonest allele at each locus) was designated "100" and other electromorphs (alleles) were numbered according to their relative electrophoretic mobility, i.e., 110, 120, etc., for faster bands; 90, 80, etc., for slower bands. Because it was previously found that the locus Mpi is found only on the X chromosome (Schaffner et al. 2000) , males were coded as hemizygotes for this locus. Data Analysis. Conformity with Hardy-Weinberg (HW) expectations was tested for the proportions of genotypes at each locus, using the exact U-score test in presence of the alternative hypothesis of heterozygote deÞciency (Rousset and Raymond 1995) . A global test across samples and/or loci was also performed (Rousset and Raymond 1995). Genotypic associations between each pair of loci in each population were tested using the probability test described by (Raymond and Rousset 1995a). For each locus pair, global tests (Fisher method) were performed across all populations (Manly 1985) . Departure from HW was measured using the F is estimator proposed by Weir and Cockerham (1984) . Genotypic differentiation between populations was tested by computing an unbiased estimate of the P value of a log-likelihood (G) based exact test (Goudet et al. 1996) . Population differentiation was measured using the F st estimator (Weir and Cockerham 1984) . Isolation by distance was analyzed as described by Rousset (1997), i.e., computing the relationship between pairwise estimates of F st /1 Ϫ F st and logarithm of geographic distance. A possible positive relationships was tested with a Mantel test, using the Spearman rank correlation coefÞcient statistic. Geographical distances between localities were taken as the shortest measurement on a map. Computations were performed by Genepop version 3.1d (Raymond and Rousset 1995b) and multiple testing used the Bonferroni method (Hochberg 1988) . A graphical representation of the genetic proximity among samples was performed as follows. Pairwise Nei genetic distances (Nei 1972) were computed, and were organized in an unrooted tree using the neighbor-joining algorithm (Saitou and Nei 1987) . One hundred bootstrap trees were generated, from which a consensus tree was obtained. Groups were displayed in the consensus tree if they were present in at least 72.5% of the bootstrapped trees. All these computations were performed using Phylip version 3.6(alpha3) (Felsenstein 2002) . Because data for eight samples were missing, this procedure was performed on subsets of the whole data set, to locate these eight samples in the consensus tree (all of them fall within the multifurcation of Group II, see below).
Results
Description of Polymorphism. All 12 loci have multiple alleles. Frequencies of each allele in each sample are presented in the Appendix. Genotypic differentiation was Þrst tested between the samples from the same locality, and none was rejected (P Ͼ 0.38). The samples were then pooled for further analysis.
Genotypic associations were tested at each pair of loci in each locality. Random association was rejected (P Ͻ 0.05) in 31/822 tests (or 3.8%), although none remained signiÞcant when taking into account multiple tests. A global test across populations for each locus pair revealed no pairs with signiÞcant values (P Ͼ 0.07).
SigniÞcant departure from HW equilibrium, because of heterozygote deÞciency, was observed in 6/247 cases (Appendix). None was signiÞcant when the number of tests performed was taken into account. For all loci and localities, no signiÞcant (P Ͼ 0.5) heterozygote deÞciency was found, suggesting that null alleles are at a low frequency or absent. However, a signiÞcant heterozygote excess was present for Est-2 and Pgi across samples (P Ͻ 10 Ϫ3 ), suggesting that selection is present. Selection acting at electrophoretic loci such as Est and Pgi is not uncommon (e.g., Koehn et al. 1983 , Watt et al. 1983 , and they should be removed from population genetic analyses concerned primarily by inferences on population structures based on neutral markers. These two loci were then removed for further analyses (and the signiÞcant heterozygote excess disappeared, P Ͼ 0.10).
Genetic Differentiation Among Samples of Anopheles claviger s.s.
Genotypic differentiation among An. claviger s.s. was highly signiÞcant (considering all loci: F st ϭ 0.052, P Ͻ 10 Ϫ5 ), consistent with the previous description of two genetic groups (Schaffner et al. 2000) . To formally identify these groups, a tree describing the genetic proximity between samples was constructed, and a consensus tree was built from 100 bootstrap replicates. Two groups were apparent (Fig. 1) , one characterized by a single multifurcationÑpreviously described as Group IIÑand the remaining tree corresponding to Group I. Examination of pairwise F st values (Fig. 2) conÞrmed globally the grouping, with the exception of X-A which does not belong clearly to either of the two groups, and has also an intermediate position in the tree. Two other populations (IIÐZL and IIÐZJ) are included in Group II only on the basis of the tree, because their differentiation with Group I is lower than the other samples of Group II. Groups are thus characterized by large between-group values (91% of pairwise F st values Ͼ0.05) and low intragroup values (Group I: 64% of pairwise F st values Ͻ0.03; Group II: 87%). Group I represented localities in western and southwestern France, whereas Group II represented localities in eastern France, Italy, and northeastern Europe (Fig. 3) . The XÐA population, not belonging clearly to Group I or II, is located in central France, within the overlapping range of both groups. The two populations classiÞed in Group II only on the basis of the tree (IIÐZJ and IIÐZL) are from northern France and Romania, respectively (Fig. 3) . Within each group, genotypic differentiation among populations was low but signiÞcant (Group I: F st ϭ 0.021, P Ͻ 10 Ϫ5 ; Group II: F st ϭ 0.010, P Ͻ 10 Ϫ5 ) Isolation by Distance. To better understand the forces controlling genetic exchange among An. claviger s.s. populations, we examined variation between F st /1 Ϫ F st and the log of geographic distance (Rousset 1997) within each group. This analysis considered only females at the Mpi locus, but combined both sexes for the other autosomal loci. Values of F st /1 Ϫ F st increased signiÞcantly (one-tailed Mantel test, P Ͻ 0.03) with geographical distance, indicating relative isolation by distance (not shown). Within each group, no isolation by distance was found (Group I: slope ϭ 0.0042, Mantel test, P ϭ 0.23; Group II: slope ϭ 0.0007, Mantel test, P Ͼ 0.50).
Discussion
Our study conÞrms the existence of two genetically divergent groups of An. claviger s.s. that were suspected in France (Schaffner et al. 2000) . The present large sample across Europe allows us to better deÞne the geographical range of both groups. Group I (10 localities) is mainly located in western Europe (United Kingdom and the southwest of France), and Group II (36 localities) covers eastern France and eastern and northern Europe (Fig. 3) . Within each group, there was no trend of isolation by distance over the geographical range surveyed, i.e., each group was relatively homogeneous among samples studied from several sites. Among the ten loci studied, none had diagnostic alleles, indicating that Groups I and II are either not genetically isolated, or that their geographic isolation may be too recent for diagnostic genetic loci to have evolved. Populations sampled near the overlapping range between them do not display any heterozygote deÞcit, suggesting that these two groups are probably not genetically isolated. This suggests the existence of free mixing when both groups meet, with no inviability of hybrids. Further characterization of the zone, with the possibility of hybrid sterility, requires additional studies.
It has been proposed that Groups I and II of An. claviger s.s. represent two members of a species complex, resulting from their allopatric divergence in southern refugia during (at least) the last glaciation period (Schaffner et al. 2000) . During a warm phase, the invasion of northern territories from all refugia results in a hybrid zone wherever both genetic entities meet. This scenario has been repeatedly proposed for various plants and animals (for a review, see Hewitt 1996 , Hewitt 1999 . The current study suggests Group I most likely originates from the Iberian peninsula, where it is still present, although not common. The origin of Group II is not settled. Two samples from northern Italy belong to Group II, and one sample from Romania is not clearly classiÞed. Thus, it cannot be excluded that a third group exists in eastern Europe, corresponding to the Balkanic refugium (Hewitt 2001) . Under this scenario, Group II probably origi- nates from the Italian refugium. It is noteworthy that the contact zone, located in eastern France in a place with no substantial topographic barriers, is characteristic of a suture zone between populations coming from the Iberic and Balkanic (or another easternmost) refugia (Taberlet et al. 1998 , Hewitt 1999 , Hewitt 2000 . However, it is unclear whether or not the Alps represent a physical barrier for An. claviger s.s. from Italy.
Anopheles claviger s.s. prefers breeding sites with cold water (see p. 140 in Bates 1949), and is now distributed in northern Europe and southern Scandinavia (Natvig 1948 , Utrio 1975 , Mehl 1996 , corresponding approximately to the northern distribution limit of the oak Quercus robur (Ferris et al. 1998) . Interestingly, the white oak located in the Italian peninsula has invaded western and northern Europe after crossing the Alps at the start of the Holocene, when the temperatures were warmer than they are now, because of an increase of solar radiation received by the earthÕs atmosphere (Petit et al. 2002) . Nowadays, An. claviger s.s. is rather common in the Alps below an altitude of Ϸ1,100 m, and its maximum altitude is at 1,600 m (Lé ger and Mouriquand 1918), leaving very few opportunities to cross the Alps from South to North. However, as for the white oak, crossing was probably possible at the start of the Holocene. A thorough sampling in Italy and the Balkans is required to evaluate this possibility. Table 1 for details). Black and gray squares represent samples attributed to Group I and Group II, respectively. Star represents one sample (XÐA) from a nonclassiÞable locality. Samples IIÐZJ and IIÐZL (the latter from Romania is located further east) are included in Group II only on the basis of the tree (see text). Country borders are outlined. 
